I. INTRODUCTION
A continuing goal of evoked potential audiometry is to develop a technique that will quickly and accurately estimate hearing thresholds in individuals who cannot reliably respond behaviorally. Auditory steady-state responses ͑ASSRs͒ may theoretically be recorded more quickly and recognized more objectively than the more widely accepted auditory brainstem response ͑ABR͒ ͑Herdman and Lins et al., 1996; Rance et al., 1998; Rickards et al., 1994͒. In addition, ASSRs may provide a more frequency-specific assessment of hearing than the ABR because the amplitudemodulated ͑AM͒ tones used to elicit ASSRs have a narrower spectrum than the brief tones used to elicit the ABRs ͑Hart-mann, 1997͒.
To establish a frequency-specific threshold in humans, two criteria must be met. The first criterion-acoustic specificity-requires the acoustic energy of the stimulus to have minimal spectral splatter and to be centered at the frequency of interest ͑Stapells, Picton, and Durieux-Smith, 1994; Stapells et al., 1985͒ . Limiting the spectral splatter lessens the activation of responses by frequencies other than the frequency of interest. A classic problem involving reduced acoustic specificity is when a brief, high-frequency tone burst is heard by an individual with a severe highfrequency hearing loss and near-normal hearing at lower frequencies. The hearing ͑and thus the ABR͒ may be mediated by the lower-frequency energy in a brief, high-frequency tone burst ͑Picton et al., 1979͒. Acoustic specificity is measured by analyzing the spectrum of the stimulus. The AM stimuli used to evoke the ASSRs are acoustically very frequency specific. Sinusoidally amplitude-modulated tones have an acoustic spectrum with three peaks of energy, one centered at the carrier frequency and two side bands at the carrier frequency plus/minus the modulation frequency ͑Hartmann, 1997͒.
The second criterion-cochlear place specificityrequires that the cochlear activation occurs at the location on the basilar membrane where continuous pure tones of that frequency have their maximal activation ͑Starr and Don, 1988͒ . A large spread of activation to other regions of the basilar membrane will make it difficult to determine which cochlear place is producing the response. A classic problem involving reduced place specificity occurs when a lowfrequency tone is still heard by an individual with no functioning hair cells beyond the first turn of the cochlea. The response is initiated through regions of the cochlea that respond best to higher-frequency tones. Place specificity may be measured by analyzing the extent of the cochlea that is activated by the stimulus using high-pass noise ͑HPN͒ masking to isolate responding regions of the cochlea ͑Teas, Elda͒ Author to whom correspondence should be addressed; electronic mail: stapells@audiospeech.ubc.ca ridge, and Davis, 1962͒. Presenting HPN masking at different cutoff frequencies together with stimuli may be used to limit the cochlea's response. Subtractions can then determine ''derived responses'' that reflect the activation of the cochlear regions between the two cutoff frequencies of the HPN ͑Don, Eggermont, and Brackmann, 1979; Eggermont, Spoor, and Odenthal, 1976; Nousak and Stapells, 1992; Oates and Stapells, 1997b; Ponton, Don, and Eggermont, 1992; Stapells et al., 1994͒. Place specificity of ASSRs to AM tones is still under investigation. Early ASSR studies, using AM tones modulated between 40-50 Hz, revealed good place specificity by estimating behavioral thresholds in hearing-impaired individuals and by using high-pass noise masking techniques ͑Griffiths and Chambers, 1991; Kuwada, Batra, and Maher, 1986͒ . Although these results seemed promising for using ASSRs in a clinical setting, the 40-Hz response was found to be inconsistent and unreliable in infants ͑Aoyagi et al., 1993; Maurizi et al., 1990; Stapells et al., 1988; Suzuki and Kobayashi, 1984͒ . Modulating AM tones between 70-110 Hz can evoke stable ASSRs in infants and adults, whether sleeping or awake ͑Aoyagi et al., 1993; Cohen, Rickards, and Clark, 1991; Levi, Folsom, and Dobie, 1993; Lins et al., 1995; Rickards et al., 1994͒. Results from studies comparing behavioral and ASSR thresholds in individuals with different configurations and magnitudes of hearing impairments have shown correlations of 0.69 and 0.99 between these measures ͑Aoyagi et Lins et al., 1996; Picton et al., 1998; Rance et al., 1998͒ . However, the extent of the place specificity has not been quantified. Thus, it is important that the place specificity of the 70-110-Hz ASSR be assessed by means of masking.
Results from a two-tone masking study by John and colleagues ͑John et al., 1998͒ suggest that a 1000-Hz AM tone ͑60 dB SPL͒ modulated at 80 Hz activates the basilar membrane within a 1 2 octave on either side of the stimulus carrier frequency. These data warrant further investigation using other carrier frequencies and noise-masking techniques. This paper investigates place specificity for the singleand multiple-ASSR methods using derived responses. We obtained amplitudes for ASSRs to single AM tones and to multiple ͑four͒ AM tones presented at 60 dB SPL in highpass filtered noise masking with cutoff frequencies at 1 2 -octave steps ͑ranging from 0.25 to 16.0 kHz͒. Amplitudes for 1-octave-wide derived bands for each stimulus frequency were calculated, providing amplitude profiles as a function of derived-band center frequency. Bandwidths and center frequencies ͑CFs͒ were determined for each derived-band amplitude profile. By examining these measures, we are able to demonstrate the place specificity for ASSRs and to investigate whether differences exist between ASSRs to single-and multiple-stimulus or between different carrier frequencies.
II. METHODS

A. Subjects
Nine adults ͑4 females͒ volunteered for this study. Their ages ranged from 18 to 30 years ͑mean age 21 years͒. Normal middle-ear compliance and reflexes were confirmed for all participants at each test session using tympanometry and ipsilateral acoustic-reflex measures. All participants had pure-tone behavioral thresholds of 15 dB HL ͑ANSI, 1996͒ or better for octave frequencies between 500 and 4000 Hz.
B. Stimuli
The stimuli were sinusoidal AM tones that were generated and presented by the MASTER system ͑John and Picton, 2000͒. Parameters for these stimuli are based on those previously reported ͑Herdman and Lins et al., 1996͒ . AM tones were presented to a test ear ͑chosen randomly between right and left ears for each subject͒ through ER-3A insert earphones. AM tones had carrier frequencies ( f c ) of 500, 1000, 2000, and 4000 Hz that were 100% amplitude modulated at frequencies of 77.148, 84.961, 92.773 , and 100.586 Hz, respectively. These modulation frequencies ( f m ) were used to obtain an integer number of cycles for the f m in an EEG recording section ͑of 1.024 seconds͒.
AM tones were presented to the subject under two conditions: ͑1͒ Single: AM tones of 500 or 2000 Hz were presented separately to the test ear; and ͑2͒ Multiple: simultaneous presentation of four AM tones ͑500, 1000, 2000, and 4000 Hz͒ to the test ear.
The intensity of the AM tones was 60 dB SPL ͑49-53 dB nHL; , calibrated for each tone separately. The intensity of the combined stimulus was 66 dB SPL.
C. High-pass noise masking
All stimuli were combined with ipsilateral HPN. Broadband white noise was generated ͑Tucker Davis Technologies WG1͒ and then high-pass filtered ͑96 dB/octave slope; Wavetek model 852 filter͒ using cutoff frequencies at 1 2 -octave steps: 0. 25, 0.354, 0.5, 0.707, 1.0, 1.41, 2.0, 2.83, 4.0, 5.66, 8.0, 11.31, and 16 .0 kHz. The HPN cutoff frequency of 16.0 kHz was used to provide response measures in a ''nonmasked'' condition. This was done to account for possible effects of broadband noise leaking through the filter ͑Oates and Stapells, 1997a͒ and to keep the filter in the stimulus/ masker setup for all conditions. All 1 2 -octave HPN cutoff frequencies between 0.25 and 16.0 kHz were used in the multiple-stimulus condition. Different HPN cutoff frequencies were used for the single presentations of 500-and 2000-Hz tones. HPN cutoff frequencies were between 0.25 and 4.0 kHz for the single 500-Hz AM tone presentation, and between 0.5 and 8.0 kHz for the single 2000-Hz AM tone presentation. These cutoff frequencies were chosen to obtain results for at least one octave below and two octaves above the stimulus carrier frequency.
The intensity of the broadband noise was adjusted for each subject to a level just sufficient to mask ASSRs for all carrier frequencies in both conditions. Behavioral masking levels were established first by asking subjects to identify AM tones presented for 1 s while broadband noise was continually delivered ipsilaterally. The intensity of the broadband noise was increased by 2 dB SPL for correct response trials, then decreased by 1 dB SPL for no response trials. The behavioral masking level for each condition was at the noise intensity for which the participant indicated no more than one correct response out of five, with at least three out of five correct responses 1 dB lower. The mean ͑Ϯ1 standard deviation͒ behavioral masking level for the 60-dB SPL stimuli was 80Ϯ2 dB SPL. The highest level of behavioral masking just needed to mask any stimulus ͑including the multiplestimulus condition͒ was used as a starting intensity for determining the broadband noise level required to mask ASSRs. In order to determine the physiological ͑ASSR͒ masking levels for each subject, the broadband noise was increased using 2-dB steps for ''response present'' recordings and decreased using 1-dB steps for ''no-response'' recordings. ASSR masking levels were determined as the lowest broadband noise intensity that just sufficiently masked all ASSRs for all conditions. The mean ASSR masking level was 82Ϯ2 dB SPL.
D. Derived-band auditory steady-state responses
Derived-band ASSRs were obtained by subtracting ASSRs with HPN masking from ASSRs with HPN masking that had a cutoff frequency 1 octave higher ͑Don et al . Subtractions were performed on the timedomain waveforms ͑rather than frequency spectra͒ and the results transformed into the frequency domain. This was simpler than performing subtraction in the frequency domain, which would require vector arithmetic to consider both the amplitude and phase of a response. The schematic in Fig. 1 shows the frequency spectra of the subtraction of ASSR time-domain averages. ASSRs to multiple AM tones in 1.0-kHz HPN masking were subtracted from ASSRs to multiple AM tones in 2.0-kHz HPN masking in order to obtain derived-band ASSRs in a derived band centered at 1.0 kHz ͑i.e., representing contributions from cochlear regions with characteristic frequencies between 1.0 and 2.0 kHz͒. The figure shows only the amplitude spectra of the responses because these are the most informative, and shows only those portions of the spectra near the response frequencies. The design of the study was fortuitous in that the modulation ͑at which the brain responds͒ increased as the carrier frequency increased. This is not a requirement, but it does allow the brain response to be lined up in the figure above the acoustic spectra for the AM tones. Note that the frequency axis is different between EEG and acoustic spectra. Obtaining the acoustic response area for the derived-band procedure was done by subtracting the unmasked part of the 1-kHz HPN response from the masked part of the 2-kHz HPN response. The response area is conceptually similar to that obtained with notched noise, with one important exception: the derived-response method shows substantially less of the ''upward spread of masking'' seen with notched noise ͑Pic-ton et al., 1979͒. Note, the derived-band subtraction technique will increase the background residual noise by the square root of 2 compared to the HPN averages. Sufficient averaging was performed to adjust for this factor.
Half-octave-wide derived bands were not utilized because these narrower derived bands result in very low signalto-noise levels and thus highly variable response amplitudes across subjects. This has previously been shown by Oates and Stapells ͑1997b͒. Derived responses were therefore calculated for one-octave-wide bands with center frequencies separated by 1 2 -octave intervals. The derived-band center frequency was designated as the lower HPN cutoff frequency in the subtraction procedure. There is some controversy concerning the designation of the center frequency of the derived band ͑discussed in detail by Oates and Stapells, 1997b͒ . Several earlier studies chose the lower HPN cutoff frequency as the center frequency based on subtractions of HPN acoustic spectra ͑Don and Eggermont, 1978; Don et al., 1979; Eggermont and Don, 1980; Oates and Stapells, 1997b; Nousak and Stapells, 1992͒. Results from a recent withinband masking study in our lab ͑Stapells and So, 1999͒ indicate that the center frequency of the derived band is close to FIG. 1. HPN/DR technique. The upper traces depict the EEG amplitude spectrum for multiple ASSRs to AM tones of 500, 1000, 2000, and 4000 Hz. Statistically significant (pϽ0.01) ASSRs are designated by arrowheads. These responses correspond to the acoustic line spectra of the AM tones which are presented directly below each EEG spectrum. This may be illustrated in such a manner because the modulation frequency ͑at which neurons respond͒ increases with carrier frequency. In addition to the AM tone spectra, HPN masking is depicted as the gray box that has a cutoff frequency at 2 kHz for the upper left graph and 1 kHz for the lower left graph. Subtraction of these two responses in the time domain yields a derived band with a center frequency of 1 kHz ͑lower right acoustic spectra͒ and the corresponding EEG spectrum for the multiple derived-band ASSR depicted above.
the lower HPN cutoff frequency. This result is due to the finite slope of the filter, and would only be applicable to 1-octave-wide derived bands and similar filter slopes.
Derived-band ASSR amplitudes were determined for each derived-band center frequency in each condition to obtain amplitude profiles. Amplitude profiles were used to calculate the bandwidth and the center frequencies ͑CFs͒ for the derived-band ASSRs. Bandwidth at 50% ͑or Ϫ6 dB; BW 6 dB ) of the maximal derived-band ASSR was determined for each subject's amplitude profile and then averaged across subjects. To compare the width of the BW 6 dB across carrier frequency, two types of transformations were used. The first transformation was conversion into an octave scale, given by the following equation:
where HF is high-frequency edge ͑in Hz͒ and LF is the lowfrequency edge ͑in Hz͒ of the amplitude profile at 50% maximal peak derived-band ASSR amplitude. For example, a bandwidth of 1 octave centered at 1000 Hz would have a low-frequency edge equal to 707 Hz and a high-frequency edge of 1414 Hz, giving an linear bandwidth of 707 Hz. The second transformation of the BW 6 dB was conversion into a Q 6 dB measurement, given by Q 6 dB ϭBW 6 dB Ϭcarrier frequency ͑2͒ ͑Hartmann, 1997͒. Derived-band center frequencies were calculated as the geometric mean of the low-and high-frequency edges at 50% maximal amplitude on the amplitude profiles, given by center frequencyϭͱLFϫHF. ͑3͒
Center frequencies ͑CFs͒ were compared between stimuli of different carrier frequencies as a percent of stimulus carrier frequency or as octaves from the carrier frequency, given by %CFϭ100%ϫ͑CFϬcarrier frequency͒, ͑4͒
CF͑octaves͒ϭlog 2 ͑ CFϬcarrier frequency͒. ͑5͒
E. Procedure
For each subject, this study consisted of three recording sessions, each requiring 2-3 h, for a total of 6 -9 h. An exception was one participant who completed the study in one overnight session of 7 h. During behavioral measures, participants relaxed in a comfortable reclining chair in a double-walled sound-attenuated booth. During ASSR measures, participants slept or relaxed in the same recliner and booth. Background acoustic noise levels of the booth, which were below the recommended maximum ambient noise levels for audiometric threshold testing using insert earphones ͑ANSI, 1999͒, were 12, 10, 10, and 12 dB SPL for 1-octavewide bands centered at 0.5, 1, 2, and 4 kHz, respectively.
F. Evoked potentials
ASSR data were collected from recording electrodes at the vertex ͑Cz͒ and on the back of the neck, in the midsagittal plane just below the hairline. A forehead placement was used for the ground electrode. Interelectrode impedances were less than 3 kOhms at 10 Hz. The EEG was filtered using a bandpass of 30 to 250 Hz ͑12 dB/octave͒, amplified 80 000 times, and AD-converted at a rate of 500 Hz. An EEG recording sweep contained 16 sections of 1.024 s each. Sections contaminated by muscle or movement artifacts ͑i.e., having voltages exceeding Ϯ40 V͒ were rejected from averaging. EEG recordings ranged from 6 to 48 sweeps per condition by HPN cutoff frequency, taking approximately 2 to 14 min per recording.
For online analysis, fast Fourier transform ͑FFT͒ converted ASSR average time-domain waveforms into the frequency domain. The FFT resolution was 0.061 Hz, spanning from 0 to 250 Hz. Amplitudes were measured from baseline to peak. Relative ASSR amplitudes were calculated as percentages of an individual's ''nonmasked'' ASSR amplitude ͑i.e., 16-kHz HPN masker͒. These were then averaged across subjects to obtain mean relative amplitudes. Additionally, grand mean waveforms were obtained by averaging the timedomain waveforms across all subjects and then transforming this grand average into the frequency domain. This procedure takes into account the phases of the individual responses, and was used to determine if only averaging individuals' amplitudes was valid. ASSRs were determined as ''response present'' or ''no response'' by comparing the amplitude at f m and the average amplitude of the background noise in 60 adjacent spectral frequencies on either side of f c ͑Dobie and Wilson, 1996; Lins et al., 1995; Zurek, 1992͒ . A response was considered present when the F ratio of the signal to noise was significant at p values Ͻ0.01. A no response required averaging of the EEG until a level of average background noise amplitude was less than 8.5 nanovolts ͑nV͒ and pϾ0.20. Nonsignificant response amplitudes were given a value equal to the average background noise amplitude in adjacent frequencies ͑i.e., residual noise͒.
G. Statistical analysis
For statistical analyses, the HPN cutoff frequencies and derived-band center frequencies were normalized to the stimulus carrier frequency. For example, an HPN cutoff frequency or a derived-band center frequency of 1 kHz was classified as ''plus 1 octave'' for the 500-Hz AM tone and ''minus 1 octave'' for the 2000-Hz AM tone. This allowed for comparisons of results across all carrier frequencies.
Three-way repeated-measures analyses of variance ͑ANOVA͒ were used to analyze ASSR or derived-band ASSR relative amplitudes across two conditions ͑single and multiple͒, two carrier frequencies ͑500 and 2000 Hz͒, and six normalized HPN cutoff frequencies ͑Ϫ1.0, Ϫ0.5, 0.0, 0.5, 1.0, and 1.5 octaves͒ or five normalized derived-band center frequencies ͑Ϫ1.0, Ϫ0.5, 0.0, 0.5, and 1.0 octaves͒. Twoway repeated-measures ANOVAs were used to analyze ASSR or derived-band ASSR relative amplitudes for the multiple-stimulus condition across four carrier frequencies ͑500, 1000, 2000, and 4000 Hz͒ and six normalized HPN cutoff frequencies ͑Ϫ1.0, Ϫ0.5, 0.0, 0.5, 1.0, and 1.5 octaves͒ or five normalized derived-band center frequencies ͑Ϫ1.0, Ϫ0.5, 0.0, 0.5, and 1.0 octaves͒. One-way repeatedmeasures ANOVAs were used to analyze Q 6 dB or %CF across four carrier frequencies ͑500, 1000, 2000, and 4000
Hz͒ in the multiple-stimulus condition. Two-way repeatedmeasures ANOVAs were used to analyze Q 6 dB or %CF across two conditions ͑single and multiple͒ and two carrier frequencies ͑500 and 2000 Hz͒. Huynh-Feldt epsilon correction factors for degrees of freedom were used when appropriate. Results of these ANOVAs were considered significant if pϽ0.01. Newman-Keuls post hoc comparisons were performed only for significant main effects and interactions. Results of the post hoc tests were considered significant if p Ͻ0.05. Figure 2 shows the grand-mean amplitude spectra for ASSRs to multiple AM tones in HPN masking and for derived-band ASSRs. When the HPN cutoff frequency changed from 8.0 to 4.0 kHz, ASSRs to 500-, 1000-, 2000-, and 4000-Hz AM tones decreased by 10 ͑19%͒, 5 ͑10%͒, 8 ͑22%͒, and 23 nV ͑82%͒, respectively. These attenuations were reflected in the derived band centered at 4.0 kHz, such that there were significant (pϽ0.01) derived-band ASSRs with amplitudes of 10, 8, 8, and 23 nV for the 500-, 1000-, 2000-, and 4000-Hz AM tones, respectively. Lowering the HPN cutoff frequency from 4.0 to 2.0 kHz resulted in a 21-nV ͑72%͒ attenuation of the grand-mean ASSRs to the 2000-Hz AM tone modulated at 93 Hz, whereas the largest change in grand-mean ASSR amplitude for the other AM tones was 1 nV. The differences in these grand-mean ASSR amplitudes between the two HPN conditions was revealed in the derived band centered at 2.0 kHz, such that the only significant derived-band ASSR was to the 2000-Hz AM tone ͑21 nV͒. Lowering of the HPN cutoff frequency from 2.0 to 1.0 kHz resulted in grand-mean ASSR amplitude reductions of 10 ͑23%͒, 35 ͑74%͒, 6 ͑75%͒, and 0 nV ͑0%͒ for the 500-, 1000-, 2000-, and 4000-Hz AM tones. The corresponding derived band centered at 1.0 kHz had significant responses only to 500-and 1000-Hz AM tones ͑10 and 37 nV, respectively͒. Similar grand-mean amplitude attenuation and derived-response patterns were seen for other HPN cutoff frequencies, except that there were significant responses in derived bands centered at 4.0 to 8.0 kHz ͑not shown͒ for all AM tones. Mean ͑Ϯ standard deviation͒ nonmasked ASSR amplitudes for multiple AM tones of 500, 1000, 2000, and 4000 Hz were 65Ϯ33, 68Ϯ24, 60Ϯ16, and 45Ϯ17 nV, respectively. Looking across AM tones, the means of individual ASSR amplitudes for HPN cutoff frequencies greater than the carrier frequency were reduced by 0 to 48% from nonmasked ASSRs. For HPN cutoff frequencies at and below the carrier frequency, means of individual amplitudes were attenuated by at least 80% from nonmasked ASSR amplitudes and typically fell to the EEG residual noise floor ͑plotted at 0.15 kHz͒ within the first 1 2 octave of the stimulus frequency. To identify any differential masking effects across carrier frequencies, HPN cutoff frequencies were normalized to the stimulus carrier frequency. Overall, there were no significant differences between carrier frequencies, as shown by ANOVA results in Table I ͑left half͒. However, ASSR relative amplitudes in response to 2000-Hz AM tones were significantly lower than responses to 1000-and 4000-Hz AM tones, for cutoff frequencies greater than 1 2 octave above the carrier frequency ͑post hoc analyses of the significant carrier frequency by HPN interaction are shown in Table I͒ . When collapsed across carrier frequency, ASSR relative amplitudes for HPN cutoff frequencies above the carrier frequency were significantly larger than amplitudes for HPN cutoff frequencies at and below the carrier frequency ͑significant HPN effect, Table I͒ . Figure 4 illustrates the place specificity as determined by the derived-band response technique for the multiplestimulus ASSR. The maxima of the mean of individual ASSR relative amplitudes for the derived-band ASSR profiles ranged from 55% to 70% of ''nonmasked'' ASSR amplitudes. These maxima occurred in derived-bands at or 1 2 octave below the carrier frequency. Mean amplitudes for derived-bands one-octave below the carrier frequency are not different from the noise. The response amplitudes for derived bands one octave above the carrier frequency are greater than the noise floor for the 500-and 4000-Hz stimuli. Mean amplitude profiles for the 1000-and 2000-Hz stimuli do not show this asymmetry in amplitude profiles.
III. RESULTS
A. Multiple-stimulus condition
HPN masking
Derived-band ASSR
No significant differences in derived-band ASSR amplitude profiles occurred between carrier frequencies ͑500 to 4000 Hz͒ when derived-band center frequencies were normalized to octaves above and below the carrier frequency ͑carrier frequency effect and interaction, Table I͒ . A significant main effect of derived-band center frequency ͑Table I͒ was caused by the expected peak-like shape of the amplitude profile. Post hoc tests revealed that amplitudes for derivedband center frequencies at and 1 2 octave below the carrier frequency were significantly larger than those at other derived-band frequencies.
Place specificity for the multiple-stimulus condition was evaluated by calculating the BW 6 dB , CF, Q 6 dB , and %CFs for derived-band ASSR amplitude profiles ͑Table II͒. Amplitude profiles for all carrier frequencies had BW 6 dB approximately one-octave wide and CFs within 1 4 octave of the stimulus frequency. One-way ANOVAs revealed no significant differences across carrier frequencies for Q 6 dB or for %CF (pϭ0.28 and pϭ0.13, respectively͒. Figure 5 shows the grand mean amplitude spectra for ASSRs to single 500-Hz AM tones ͑modulated at 77 Hz͒ in HPN masking and for the corresponding derived-bandASSRs. The derived band centered at 2.0 kHz had a 13-nV ASSR to a 500-Hz AM tone, which is more than twice the difference ͑6 nV͒ in ASSR amplitudes between the two corresponding HPN cutoff frequencies of 2.0 and 4.0 kHz. The derived band centered at 1.0 kHz showed there was a small, yet significant, 9-nV ASSR to a 500-Hz AM tone. This is inconsistent with only a 1-nV difference between ASSR amplitudes of 27 and 26 nV for ASSR in HPN with cutoff frequencies of 2.0 and 1.0 kHz, respectively. The derived band centered at 0.5 kHz had a 24-nV ASSR to a 500-Hz AM tone, which corresponded to the amplitude reduction when the HPN cutoff frequency was lowered from 1.0 to 0.5 kHz. No change in ASSR amplitude to a 500-Hz AM tone occurred when the HPN cutoff frequency decreased from 0.5 to 0.25 kHz. The corresponding derived band centered at 0.25 kHz showed a nonsignificant ASSR to a 500-Hz AM tone. Figure 6 shows the grand mean amplitude spectra for ASSRs to single 2000-Hz AM tones, modulated at 93 Hz, in HPN masking and for the corresponding derived-band ASSRs. The ASSR amplitude to the 2000-Hz AM tone was reduced by 11 nV ͑50%͒ when the HPN cutoff frequency decreased from 8.0 to 4.0 kHz. This amplitude reduction was revealed by the small but significant derived-band ASSR ͑12 nV͒ in the derived band centered at 4.0 kHz. Lowering of the HPN cutoff frequency 4.0 to 2.0 kHz resulted in an additional 10-nV ͑90%͒ reduction in ASSR amplitude. This reduction was reflected by a significant derived-band ASSR of 11 nV for the derived band centered at 2.0 kHz. Further lowering of the HPN cutoff frequency resulted in no more than a 2-nV change in amplitude, and the corresponding derived bands revealed nonsignificant ASSRs. figure shows that the HPN amplitude profiles were similar between single-and multiple-stimulus conditions. However, there are somewhat larger amplitudes ͑on average͒ at some HPN cutoff frequencies for the single-stimulus compared to the multiple-stimulus condition.
B. Single-versus multiple-stimulus condition
HPN masking
Results from a three-way ANOVA on the HPN data, however, indicated no significant differences for relative ASSR amplitude between single-and multiple-stimulus conditions, as well as no significant interactions involving condition ͑Table III͒. There was no significant effect of carrier frequency; however, there was an interaction of carrier frequency by HPN cutoff frequency ͑Table III͒. Post hoc analyses revealed that ASSR amplitudes for HPN cutoff frequencies greater than 1 2 octave from the carrier frequency were significantly larger for 500-Hz than for 2000-Hz AM tones. As expected, there was a significant effect of HPN cutoff frequency when averaged across conditions and carrier frequencies ͑Table III͒. Post hoc analyses uncovered that ASSR amplitudes for HPN cutoff frequencies 1 2 octave and greater than the carrier frequency were larger than those for HPN cutoff frequencies less than and equal to the carrier frequency.
Derived-band ASSR
Means of individual ASSR relative amplitudes for 1-octave-wide derived bands, obtained in 1 2 -octave steps, were compared between single-and multiple-stimulus conditions ͑Fig. 8͒. Amplitude profiles for the 500-and 2000-Hz AM tones were similar between conditions, except that the peaks of the amplitude profile for the 500-Hz AM tone were at derived-band center frequencies of 0.5 and 0.354 kHz for the single-and multiple-stimulus conditions, respectively. Additionally, there were larger relative amplitudes for the single 500-Hz AM tone at derived-band center frequencies from 0.5 to 2 kHz compared to the multiple-stimulus condition. For the 2000-Hz AM tone, there were larger relative amplitudes at derived-band center frequencies from 1.41 to 4 kHz for the single-stimulus condition compared to the multiple-stimulus condition. However, despite these apparent differences in means, they did not reach significance ͑Table III͒. Furthermore, there were no significant interactions involving condition. Post hoc analyses of the expected significant main effect of derived-band center frequency revealed that derived-band ASSR relative amplitudes were significantly larger for derived-band center frequencies at and 1 2 octave below the carrier frequency compared to derivedband center frequencies greater than and equal to 1 2 octave above, as well as one-octave below the carrier frequency (pϽ0.025). There was no carrier frequency effect ͑Table III͒. However, there was a significant interaction between carrier frequency and derived-band center frequency. Post hoc analyses revealed significantly larger derived-band ASSRs to the 500-Hz than 2000-Hz AM tone for derivedband center frequencies equal to and 1 2 octave greater than their respective carrier frequencies (pϽ0.002).
For the single-stimulus condition, mean values of BW 6 dB were approximately one-octave wide and mean CFs were generally within 1 4 octave of the carrier frequency ͑see Table IV͒ . These results were not different from measures of place specificity for the multiple-stimulus condition, as revealed by two-way repeated-measures ANOVA. There was no significant difference in Q 6 dB or %CF between conditions ͑single versus multiple͒, between carrier frequency ͑500 versus 2000 Hz͒, and no condition by carrier frequency interactions.
IV. DISCUSSION
The frequency specificity of an auditory-evoked potential, such as the ASSR, can be subdivided into three aspects: acoustic specificity of the stimulus, cochlear place specificity, and frequency specificity of central auditory neurons. These will be discussed below in greater detail regarding the multiple and single ASSRs.
A. Acoustic specificity of the stimulus
A stimulus' acoustic specificity is identified as the amount of spectral splatter around the nominal frequency ͑Durrant, 1983͒. The amount of spectral splatter of a stimulus is dependent on duration, rise/fall times, gating, transfer function of the transducer, and resonant properties of the acoustic coupler ͑Burkard, 1984; Durrant, 1983; Harris, 1978; Nuttall, 1981͒ . It is important when estimating a hear- ing threshold for a specific frequency to limit the amount of spectral splatter so as to limit activation of the cochlear regions which have characteristic frequencies away from the nominal stimulus frequency. If there is a large amount of spectral splatter, additional frequencies may be used by the auditory system to produce a response. Thus, thresholds for the frequency of interest would be underestimated.
Because the brief tones required for the ABR need to have rapid onsets and short durations, their spectra show considerable spectral splatter ͑Hartmann, 1997͒. Brief tones typically used to evoke ABRs thus have sidelobes that may activate cochlear regions away from the frequency of interest. When using high-intensity brief tones to elicit ABRs, it may be necessary to add notched-noise masking to limit sidelobe activation of the cochlea ͑Picton, 1991; Picton et al., 1979; Stapells and Oates, 1997; Stapells et al., 1994; Stapells et al., 1990; Stapells et al., 1985͒ . Unlike brief tones, the spectral splatter for long-duration AM tones is confined to three spectral peaks, one peak at the carrier frequency and two side peaks at a frequency of plus/minus 1 modulation frequency from the carrier frequency. The spectral spread for AM tones modulated between 77-101 Hz ranges from 154 -202 Hz at minus 6 dB from peak amplitude and is centered around the carrier frequency. This suggests that AM tones would be preferable over brief tones for use in estimating hearing thresholds. However, acoustic spectral splatter is only one aspect of frequency specificity for the ASSR. Place specificity and neuronal specificity also play important roles when using evoked potentials to estimate hearing thresholds.
B. Cochlear place specificity
Due to basilar-membrane mechanics, the frequency components of a stimulus may not activate only discrete regions of the cochlea with characteristic frequencies specific to the stimulus' spectral components. Both upward and downward spread of activation exists in the cochlea. Albeit, there is greater upward spread of excitation whereby lowfrequency stimuli of moderate-to-high intensities can cause appreciable displacement of the basal regions of the cochlea that have characteristic frequencies above the spectral components in the stimulus ͑Dallos, 1996͒. Because regions away from the frequency of interest are being activated, this spread of activation may also contribute to an underestimation of hearing thresholds, as would spectral splatter discussed above. Increasing the intensity of the stimulus results in greater spread of activation within the cochlea due both to upward spread of activation and to more-intense acoustic sidelobes that exceed the thresholds at these frequencies. Thus, it is important to identify the extent of the spread of activation or place specificity for moderate-to-high-intensity stimuli. A caveat to the present study is that only moderately intense ͑60 dB SPL͒ tones were used. Presenting higher intensity AM tones would require higher levels of masking, which would have exceeded our safety limits.
Place specificity of multiple ASSRs
Results from this study show good place specificity for the multiple-ASSR method. Significant reductions in relative amplitudes for HPN cutoff frequencies above 1 2 octave from the carrier frequency suggest some upward spread of excitation. However, the largest reduction in ASSR relative amplitudes is when the HPN cutoff frequency is lowered from 1 2 octave above the carrier frequency to the carrier frequency. This large differential in masking suggests that large contributions to responses are from cochlear regions with characteristic frequencies between the stimulus frequency and 1 2 octave above. These results are analogous to data reported in a HPN study of tone-evoked ABR and MLR ͑Oates and Stapells, 1997a͒. Oates and Stapells ͑1997a͒ reported significant decreases in ABR wave V -VЈ and MLR wave Na -Pa when HPN cutoff frequencies were lowered from 1 2 octave above ͑707 or 2830 Hz͒ the stimulus frequency to the stimulus frequency ͑500 or 2000 Hz͒. Thus, HPN data for ASSR show similar place specificity to those of the ABR and MLR.
In contrast to HPN data, the derived-band response method delineates both high-and low-frequency sides of the cochlear regions that contribute to ASSRs. Derived-band ASSR results reveal reasonably narrow activation of the cochlea for all carrier frequencies. An upward spread of activation can be seen for the 500-and 4000-Hz mean amplitude profiles ͑Fig. 4͒ in that there is a shallower sloping function for the high-frequency sides of the profiles than the steepsloping function for the low-frequency side. This asymmetry suggests that the stimulus activates regions basal to the characteristic frequency as well as regions with characteristic frequencies equal to the stimulus frequency. Regions more than 1 2 octave apical to the stimulus frequency are less activated by the stimulus as compared to basal regions greater than 1 2 octave from the nominal stimulus frequency. Visual observations may suggest that there is a difference in place specificity between stimuli. However, this noticeable difference is not significant, as indicated by the lack of interaction between carrier frequency and derived-band ASSRs. Furthermore, mean BW 6 dB results demonstrate that ASSRs to AM tones predominantly reflect activation of cochlear regions with characteristic frequencies from approximately 1 2 octave below to 1 2 octave above the carrier frequency, with no difference between carrier frequency. This good place specificity of ASSRs is in agreement with that reported by John et al. ͑1998͒ . Using AM tones of various carrier frequencies to mask ASSRs to a 60-dB SPL, 1000-Hz AM tone modulated at 80.9 Hz, John and colleagues reported significant reductions in ASSR amplitudes when the masker AM tone was within 1 2 octave of the 1000-Hz AM tone. Reduction in ASSR amplitudes shown by John et al. may be due to a demodulation of the response to the AM tone by the addition of a masking tone, instead of the suggested direct masking, as pointed out by Bernstein ͑1994͒. That is, a pure tone presented simultaneously with an AM tone can significantly reduce the amplitude of the energy at the modulation frequency ͑Bernstein, 1994͒. Results from the present study, which show that there is a significant masking within 1 2 octave of the carrier frequency, however, support the claim of direct masking made by John et al. ͑1998͒ . Moreover, other carrier frequencies ͑500-, 2000-, and 4000-Hz͒ also showed good place specificity, as indicated by results from the present study.
For derived bands centered at 5.66 and 8 kHz, response amplitudes are significantly greater than the noise floor for all stimuli ͑Fig. 4͒. This result was not expected for AM tones of 500 to 2000 Hz because the derived-band amplitude profile dips to nonsignificant ASSR amplitudes ͑i.e., to the EEG noise floor͒ and then rises to significant responses in the derived bands centered at 5.66 and 8.0 kHz. This contradicts the cochlear traveling wave envelopes that do not show this increase in response amplitude for high-frequency regions to these lower frequency stimuli, as is seen in Fig. 4 . One possible explanation for this result is that the HPN responses used to calculate the derived-bands ͑e.g., 8-and 4-kHz responses͒ have greater differences in phase as compared to lower HPN conditions ͑i.e., below 2 kHz͒. Thus, the subtraction of the HPN conditions ͑8-and 4-kHz responses͒ with phase differences that are largely out of phase with each other could create large derived-band amplitudes, whereas phase discrepancy for the lower HPN responses are largely in phase. Another possible explanation for an increase in ASSR amplitudes for derived bands at the above 4 kHz is that as the HPN cutoff frequency is increased there is a possible ''release from masking'' of responses in these highfrequency derived-band regions. Consider that all frequency stimuli produce a small amplitude response from cochlear regions above 4 kHz. Also, consider that HPN masking levels used in this study are sufficient to fully mask out all ASSRs, including the ones in derived bands centered at 5.66 and 8 kHz. The HPN masking level might not be sufficient to mask responses from the 8-kHz region and above as compared to the broadband masker. This effect may be explained by assuming that the broadband masking also involves suppression mechanisms in addition to ''line-busy'' effects ͑Del-gutte, 1996͒. When the HPN cutoff frequency is increased ͑i.e., less masking of the lower-frequency cochlear regions͒, there might be less suppression of neurons responding to high-frequency cochlear regions by the less active lowerfrequency cochlear regions that are now unmasked. Stapells et al. ͑1985͒ observed similar phenomena in notched-noised masking of click ABRs. They revealed a waveform earlier in latency than expected when a notch of 0.5 kHz was introduced in the broadband masker. Considering its latency, this earlier wave was suggested to originate in the basal portion of the cochlea and was a result of a release from masking when the notched was introduced. Further investigation into this issue is needed.
Grand-mean data consider the phase of the derived-band ASSRs by averaging the time-domain waveforms of all subjects and then transforming it into the frequency domain; in contrast, mean relative derived-band ASSR amplitudes obtained from individuals do not. The results show that the grand-mean amplitudes ͑Figs. 2, 5, and 6͒ are somewhat smaller than the mean relative derived-band ASSR amplitudes ͑Figs. 4 and 8͒. This discrepancy is a result of phase variability between subjects because averaging ASSRs that have different phases will result in deconstruction of the time-domain waveform. Although there is some inconsistency in the magnitude of the mean derived-band ASSRs, the amplitude profiles between grand-mean amplitudes and mean amplitudes of individuals are very similar. Both show peak amplitudes at the stimulus frequency and largely diminished responses an octave away. Thus, calculating the amplitude profiles by averaging individual amplitudes seems to be a valid method for determining measures of place specificity.
Place specificity of single-versus multiple-ASSR
Another key issue being tested in this study was the possibility of masking within the multiple-stimulus condition. That is, does the presence of the lower-frequency stimuli cause masking of the ASSR to higher-frequency stimuli? Results of the present study indicate no significant differences in measures of place specificity of the ASSR whether AM tones are presented separately or simultaneously. When compared across conditions, HPN data for AM tones of 500 and 2000 Hz show the same decrease in ASSR amplitudes as the HPN cutoff frequency decreases from 1 2 octave above to the carrier frequency. Comparing between conditions, ASSR amplitudes are greater, on average, for the single-stimulus than the multiple-stimulus condition at HPN cutoff frequencies of 1 to 2 octaves ͑500 Hz͒ and 1 to 1.5 octaves above the carrier frequency. These differences may suggest that addition of other AM tones can cause attenuation of response amplitudes. However, differences did not reach significance between single-and multiple-stimulus conditions and suggests that interactions between stimuli, such as masking, do not appear to occur when simultaneously presenting multiple ͑four͒ AM tones that have carrier frequencies an octave apart. Thus, the multiple-ASSR technique would provide an advantage of being able to assess multiple place-specific thresholds in less time as compared to single-stimulus methods. This has also been shown for multiple-stimulus techniques used to evoke transient ABRs ͑Hoke et al., 1991͒.
Comparing ASSRs in HPN masking between carrier frequencies, however, showed that amplitudes are significantly diminished for 2000-Hz compared to 500-Hz AM tones. This difference can also be seen in ABR and MLR data reported by Oates and Stapells ͑1997a͒. This trend is supported by behavioral results showing that detection of a 2000-Hz stimulus is more affected by masking noise than detection of a 500-Hz tone ͑Reed and Bilger, 1973͒.
Analyses of derived-band ASSR amplitude profiles between conditions further confirms that place specificity is not significantly different between multiple-and single-ASSR methods. There were differences, though statistically nonsignificant, between the peak amplitudes of the derived-band profiles. For the 500-Hz AM tone in the multiple-stimulus condition, the peak amplitude is smaller and shifted more apically than in the single-stimulus condition. Also, there are smaller derived-band relative amplitudes at the carrier frequency and above for the 2000-Hz AM tone in the multiplestimulus condition, as compared to the single-stimulus condition. These results may support the hypothesis that there are indeed interactions between stimuli that affect the derived-band profiles. These differences, however, are not substantial.
General comments
For some carrier frequencies, the peak of the derivedband amplitude profiles are 1 2 octave below the stimulus frequency ͑e.g., 500 Hz for the multiple-stimulus condition; Fig. 4͒ or the derived-band ASSR center frequencies are below the stimulus frequency ͑e.g., 1000 and 2000 Hz; Table  II͒ . These observations may suggest that it would be more appropriate to designate the derived-band center frequency as the higher HPN cutoff frequency in the subtraction procedure. However, this would also shift the peaks and center frequencies for the other stimulus frequencies ͑e.g., 4000 Hz͒ by 1 2 octave. In doing this the center frequency for the 4000-Hz AM tone ͑multiple-stimulus condition͒ would be 5918 Hz ͑i.e., 1918 Hz from the stimulus frequency͒, which is quite different from the more respectable 4185 Hz ͑i.e., 185 Hz from the stimulus frequency͒. Data from the present study, therefore, provide more support to specifying the derived-band center frequency as the lower HPN cutoff frequency.
Derived-band ASSR amplitude profiles from this study look similar to derived responses for ABRs and MLRs ͑Oates and Stapells, 1997b͒. This comparable place specificity indicates that the high acoustic specificity for AM tones does not directly translate into better place specificity of the ASSRs. For instance, a 1000-Hz AM tone modulated at 85 Hz has an acoustic bandwidth of 170 Hz, whereas the corresponding ASSR to the 1000-Hz AM tone reflects responses from a bandwidth of 737 Hz.
Average BW 6 dB values for the ASSRs, and for ABRs and MLRs to 500-and 2000-Hz tones ͑Oates and Stapells, 1997b͒, shown in Table V , reveal similar degrees of place specificity across the different methods. Several of the statistical comparisons using Student t-tests with unequal sample sizes ͑Howell, 1997͒, show a better specificity for the ASSR technique with p values between 0.01 and 0.10 ͑see Table V͒. These differences would be compatible with the increased acoustic specificity of AM tones over the brief tones. Nevertheless, the differences in bandwidths between ABRs/MLRs and ASSRs are small and may not be that meaningful in clinical situations. Further research is needed in patients with steeply sloping hearing losses.
C. Frequency specificity of central auditory neurons
In addition to acoustic specificity and place specificity, the tuning curves of the neurons generating the ASSRs should be considered when discussing the frequency specificity of the auditory-evoked potentials. The cochlea processes sound like a bank of filters centered at different frequencies. In a normal cochlea responding to single tones, the narrow tuning of one of these cochlear filters is directly translated to the primary auditory neurons which innervate a particular cochlear place. Thus, the tuning curves of the auditory-nerve fibers are essentially the same as the activation patterns of the basilar membrane ͑Pickles, 1988͒. Some central neurons preserve the specificity of these primary afferent tuning curves because they are mostly activated by fibers coming from the same cochlear place ͑i.e., from the same cochlear filter͒. Other neurons are activated by converging afferent fibers with a range of characteristic frequencies and thus show broader tuning curves ͑Rhode and Greenberg, 1992͒. Our results suggest that the central neurons generating ASSRs at modulation frequencies of 75-105 Hz ͑believed to be within the brainstem; Mauer and Döring, 1999; have a frequency specificity broader than that of primary auditory neurons. This suggests that these neurons integrate frequency information over a range of cochlear filters surrounding the carrier frequency of the stimulus. Most studies of frequency specificity do not use multiple simultaneous stimuli. Processes such as suppression and lateral inhibition may alter the neuronal specificity of the responses when multiple stimuli occur together. The results of the present study suggest that these processes do not significantly affect the responses. However, this lack of effect may be related to the one-octave separation of the carrier frequencies and the moderate intensity level. At higher intensities, significant interactions between all stimuli may occur ͑John et al., 1998͒. Even at moderate intensities, there may be some attenuation of the lower-frequency responses by concomitant high-frequency sounds ͑John et al., 1998; Dolphin and Mountain, 1993͒. The effects may be quite complex when multiple stimuli are presented to pathological ears. Further research is warranted.
V. CONCLUSIONS
Multiple-and single-ASSR methods exhibit good place specificity. Results indicate that ASSRs reflect activation of narrow regions of the cochlea by AM tones modulated between 70-110 Hz presented at 60 dB SPL. This specificity is as good as or slightly better than that obtained with the transient evoked potentials ͑ABRs/MLRs͒ elicited by brief tones. Such differences are not clinically significant and do not seem to provide the ASSR technique with the advantage of a more frequency-specific estimate of hearing thresholds than ABR or MLR methods. Both are equally good.
Place specificity is not altered when multiple ͑four͒ stimuli are presented simultaneously, therefore showing that multiple AM tones are processed similarly within the cochlea as compared to single AM tones. Additionally, there is no evidence for the masking of high-frequency stimuli by lowfrequency tones presented at 60 dB SPL and one-octave apart, in normal-hearing adults. Given that place specificity is not significantly different between multiple-and singlestimulus conditions, it is clear that the multiple ASSR technique has a considerable advantage of using multiple stimuli to dramatically reduce recording time. 
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